Of the seven P2X receptor subtypes, P2X4 receptor (P2X4R) is widely distributed in the central nervous system, including in neurons, astrocytes, and microglia. Accumulating evidence supports roles for P2X4R in the central nervous system, including regulating cell excitability, synaptic transmission, and neuropathic pain. However, little information is available about the distribution and function of P2X4R in the peripheral nervous system. In this study, we find that P2X4R is mainly localized in the lysosomes of Schwann cells in the peripheral nervous system. In cul- 
example, in the spinal cord, the expression of microglia P2X4 and P2X 7 (He et al., 2012; Tsuda et al., 2003) and astrocyte P2X 7 (Heine, Sygnecka, & Franke, 2016; Illes, Verkhratsky, Burnstock, & Franke, 2012) are increased in response to tissue trauma following sciatic nerve injury and are critical for neuroinflammatory activation.
Although the roles of P2X receptors in astrocytes and microglia are well characterized, P2X receptor distribution and function in Schwann cells remains unclear.
As the major glial cells of the peripheral nervous system, Schwann cells form myelin sheaths, provide support and nutrition to neurons, and regulate the balance of the neuron microenvironment (Castelnovo et al., 2017) . The sciatic nerve crush model is a classic model for the study of peripheral nerve regeneration. Following a crush injury, the degeneration of nerve fibers in the distal stump leads to various metabolic changes in Schwann cells (Wong, Babetto, & Beirowski, 2017; Yao et al., 2013) , related to the processes of nerve degeneration, regeneration, and remyelination.
During this process, Schwann cells secrete multiple neurotrophic factors, including brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), and neurotrophin-3, -4/5 (Scheib & Hoke, 2013) . These neurotrophic factors play multiple roles in the nervous system beyond cell survival and synaptic plasticity (Park & Poo, 2013) . For example, BDNF can regulate myelination of Schwann cells in the peripheral nervous system (Tolwani et al., 2004; Zhang, Luo, Xian, Liu, & Zhou, 2000) . In vivo studies have shown that injection of BDNF during the early postnatal developmental stage can promote myelination of mouse sciatic nerves (Chan, Cosgaya, Wu, & Shooter, 2001 ). It has also been shown that overexpression of BDNF in mice not only accelerates myelination during development, but also induces thicker myelin sheaths in adult mice (Tolwani et al., 2004) .
Although the role of BDNF has been well studied, the stimulus that induces BDNF release in Schwann cells remains unknown.
In this study, we found that P2X4R was enriched in the lysosomes of Schwann cells and that the expression of P2X4R was significantly increased following sciatic nerve crush. P2X4R overexpression in Schwann cells enhanced the secretion of BDNF, accelerated remyelination of injured axons, and promoted functional recovery after nerve injury.
| MATERIALS AND METHODS

| Reagents
The following reagents were used: cytosine β-D-arabinofuranoside Recombinant human heregulin β-1 (Peprotech, 100-03), and Rabbit complement (Invitrogen, 310203).
| Cell culture
Primary cultures of Schwann cells were prepared as described previously . In brief, Schwann cells were isolated from sciatic nerves of 1-to 3-days-old Sprague-Dawley rats. To inhibit the growth of fibroblasts, the culture medium was replaced with culture medium containing 10 μM cytosine arabinofuranoside for 2 days, after which the medium was replaced with DMEM/10% FBS supplemented with 2 μM forskolin and 10 ng/ml heregulin-b1. Upon reaching confluence, complement-mediated immunocytolysis was applied to the Schwann cell-enriched cultures to eliminate residual fibroblasts by incubating the culture with 4 μg/ml anti-Thy-1.1 antibody for 2 hr on ice followed by incubation with 1 ml rabbit complement.
| RT-PCR assay
Total RNA was extracted by RNeasy Mini Kit (Qiagen, Hilden, Germany) and cDNA was synthesized by cDNA Reverse Transcription Kit (Applied Biosystems, Foster, CA). Real-time quantitative PCR was performed using the 7300 Real-Time PCR System (Applied Biosystems) per our previous report (Chen, Park, Xie, & Ji, 2015) . The primers used in this experiment are listed in Table 1 . Levels of mRNA were normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a reference. All reactions were conducted in triplicate.
| Immunohistochemistry and immunocytochemistry
Immunocytochemistry was performed as previously described 
| Western blot
Protein samples were prepared as previously described (Chen et al., 2014 
| Surface protein biotinylation
Plasma membrane protein expression was detected following protein biotinylation as previously described (Chen et al., 2012) (Chen et al., 2017) . The
Replication-deficient LV vector carrying the gene of P2X4R and control LV vector (LVCON195) were generated by Genechem (Shanghai, China). Each mouse was injected with 6 μl enhanced infection solution (at a final titer of 2 × 10 8 TU/ml). These vectors also contained GFP for tracing virus infection. The animals were intensively examined for signs of autotomy and contracture during the postoperative period, and no animals showed severe wounds, infections, or contractures. To check EGFP expression of intact sciatic nerve tissue, CUBIC, a devicefree tissue clearing method, was performed as previously described (Susaki et al., 2015) . In brief, mice were deeply anaesthetized, perfused with PBS, and fixed by 4% paraformaldehyde. After perfusion, the sciatic nerve was removed and postfixed in the same fixative overnight. The fixed sciatic nerve was treated with the reagent ScaleCUBIC-1 for 1 week, washed with buffer and then treated with the reagent ScaleCUBIC-2 for 2 days. The fluorescence was examined with a Zeiss fluorescence microscope, and images were captured with a CCD Spot camera.
| Behavioral testing
All behaviors were tested blindly. To examine the recovery of motor function, walking-track (footprint) analysis was performed as previously reported (Chen, Li, Chen, Gu, & Duan, 2007) . In brief, the plantar surface of the hind paws of each mouse was painted with black ink and each mouse was led to walk in a straight path on a sheet of white paper. The sciatic function index (SFI) was calcu- stiffness (0.02-2.56 g, Stoelting) were used as previously reported (Chen, Luo, Qadri, Berta, & Ji, 2018) . We determined the 50% paw withdrawal threshold by the Dixon's up-down method.
| Electrophysiological assessment
Electrophysiological tests were performed at 2 weeks after nerve crush. Electrical stimuli (10 mA in strength) were applied to the mouse sciatic nerve trunk at the proximal and distal ends of the injured side sequentially, and compound muscle action potentials (CMAPs) were recorded on the gastrocnemius belly.
| Electron microscopic analysis
Nerve specimens of four randomly selected P0-Cre mice with control-LV or P2X4R-LV virus infection at 9 weeks after nerve crush were examined by electron microscopy. Electron microscopy experiments were performed as described (Chen et al., 2012) . In brief, a 2-mm segment of the sciatic nerve distal to the lesion site was removed, fixed, and prepared for quantitative morphometry of myelinated nerve fibers. To assess fiber maturity, we calculated the g-ratio of axon area to total fiber area. The myelinated axon area was measured by digitally tracing the inner and outer layers of the myelinated fiber by the ImageJ software (NIH Image; National Institutes of Health). The g-ratio data are displayed as a scatter plot against axon area.
| Statistical analysis
All data were expressed as mean AE SEM. Biochemical and behavioral data were analyzed using one-way ANOVA followed by Bonferroni's post hoc test or two-way ANOVA followed by Bonferroni's post hoc test. Electrophysiological and electron microscopic data were tested showed that a large amount of P2X4R proteins were expressed in the lysosomes of Schwann cells, consistent with the previous finding that P2X4R is mainly localized in the lysosomes of macrophages, microglia, vascular endothelial cells, and hepatocytes, and that P2X4R is not degraded by proteolytic enzymes (Besnard et al., 2016; Qureshi, Paramasivam, Yu, & Murrell-Lagnado, 2007; Toyomitsu et al., 2012) .
| TNF-a increases expression of P2X4R in cultured Schwann cells
After peripheral nerve injury, tumor necrosis factor-alpha (TNF-a) expression in the sciatic nerve increases dramatically (George, Schmidt, Weishaupt, Toyka, & Sommer, 1999) , which plays a key role in the initia- can induce lysosome exocytosis in Schwann cells (Chen et al., 2012) and increase the expression of P2X4R on the cell surface of microglia (Qureshi et al., 2007) . In this study, ionomycin was used as a positive control. As shown in Figure 2b , the surface, intracellular, and the total expression of P2X4R on Schwann cells were all significantly increased after TNF-a (10 ng/ml) treatment for 3 hr, whereas only the surface expression of P2X4R was increased following ionomycin (10 μM, 0.5 hr) treatment (oneway ANOVA, Bonferroni's post hoc test, F(2, 6) = 11.89, p = .0082 for surface expression; F(2, 6) = 11.52, p = .0088 for intracellular expression;
F(2, 6) = 12.67, p = .0070 for total expression). These results indicated that TNF-a treatment not only increases the synthesis of P2X4R protein in Schwann cells but also promotes P2X4R trafficking to the cell surface.
| TNF-a-induced BDNF secretion in Schwann cells is P2X4R dependent
Accumulating evidence suggests that P2X4R mediates BDNF release from activated microglia after peripheral nerve injury (Taves, Berta, Chen, & Ji, 2013; Trang, Beggs, Wan, & Salter, 2009) expression was observed at day 3 and retained at 21 days after nerve injury, as shown by double immunochemistry for P2X4R and S100β in the injured sciatic nerve sections. In contrast, S100β expression first decreased at day 3, then increased and reached a peak at day 21 (Figure 4b ). It must be noted that P2X4R expression patterns at the early (before day 7) and late (after day 7) stages of nerve injury were quite different (Figure 4b) . Notably, colocalization of P2X4R and S100β was not observed until day 10 (Figure 4b Above all, these results clearly showed that P2X4R protein levels in Schwann cells increased markedly after sciatic nerve crush. (Figure 5b ), which may be due to EGFP expression pattern differences from immunostaining of S100b. Next, a sciatic nerve crush model in P0-Cre mouse was generated, followed by an immediate injection of the lentivirus vector P2X4R-LV into the sciatic nerve. The expression of EGFP was observed in slices of crushed sciatic nerve at 7 days post-viral infection (Figure 5c ) and extensive expression of EGFP was detected in intact sciatic nerve tissue via the CUBIC technique at 3 weeks post-viral infection (Figure 5d ). Therefore, intrasciatic injection of P2X4R-LV into P0-Cre mice-induced specific overexpression of P2X4R and EGFP in Schwann cells.
Functional recovery after sciatic nerve crush includes recovery of motor and sensory function. The sciatic nerve function index (SFI) is a useful tool for evaluating the motor functional recovery of the sciatic nerve. Footprint analysis revealed that motor functional recovery in the P2X4R-LV infection group was significantly enhanced versus that in the controls at 10 days following nerve injury (Figure 5d , two-way ANOVA, Bonferroni's post hoc test, F (5, 72) = 2.679, p = .0282).
Compound muscle action potentials (CMAPs) measured by electrophysiology are another index of motor function recovery after nerve crush. Two weeks after injury, the amplitudes of CMAPs evoked by stimulating the distal and proximal ends of the crushed nerve were measured on the operated side in the P2X4R-LV group and control group. CMAPs in the P2X4R-LV-infected mice were significantly larger than that in the control-LV-infected mice (Figure 5e ; unpaired t test, t = 4.109; df = 8; p = .0034 for distal; t = 3.854; df = 8; p = .0048 for proximal). The recovery of sensory function was tested by using a series of von Frey hairs to stimulate the plantar surface of the injured side hindpaw. As shown in Figure 5f , there was no difference between the P2X4R-LV group and control-LV group in mechanical allodynia during the first 6 weeks after nerve crush, but the P2X4R-LV group showed quicker pain relief from 7 weeks (two-way ANOVA, Bonferroni's post hoc test, F (4, 50) = 5.093; p = .0016).
The degree of remyelination of the regenerated axons was measured by electron microscopy. At 9 weeks after nerve crush, ultrathin sections of the injured sciatic nerves were analyzed. Gross morphological differences in axon remyelination was observed in the P2X4R-LV group and control-LV group, with the data from sham surgery mice as normal control. (Figure 6a,d) . The g-ratio (the ratio of the axon diameter with whole fiber diameter) in the P2X4R-LV-infected mice was significantly smaller than in control-LV-infected mice, but significantly larger than in sham mice (one-way ANOVA, Bonferroni's post hoc test, F (2, 362) = 63.06; p < .001; Figure 6b) . Additionally, the average number of myelin layers per axon in P2X4R-LV-treated mice was significantly larger than in control-LV mice, but significantly smaller than in sham mice (one-way ANOVA, Bonferroni's post hoc test, F (2, 51) = 28.53; p < .001; Figure 6d ). Thus, regenerated myelinated fibers in P2X4R-LV-infected mice were significantly larger in diameter and thinner in myelination than in control-LV-infected mice.
To detect the effect of P2X4R overexpression in sciatic nerve
Schwann cells on the secretion of BDNF, the injured sciatic nerve was collected at 10 days after virus infection and incubated with TNF-a (10 ng/ml, 1 hr). As shown in Figure 6e protein was used to sequester endogenous BDNF in mice (Yajima et al., 2005) . P2X4R-LV-treated mice were given intrasciatic injections of TrkB/Fc protein (3 μg in 6 μl PBS/mouse) at 2, 4, and 6 weeks after surgery. Sciatic nerves were then collected at 9 weeks after surgery to analyze remyelination ( Figure 6f ). As shown in Figure 6f 
| DISCUSSION
As a nonspecific cation-permeable channel, P2X4R is the most abundant P2X receptor subtype and has a wide distribution in the central nervous system (Burnstock, 2015) . Genetic and pharmacological manipulations demonstrate that P2X4R modulates multiple functions of the nervous system, including cell excitability, synaptic transmission, and neuroendocrine regulation (Burnstock, 2016; Sim et al., 2006; Stojilkovic, Yan, Obsil, & Zemkova, 2010; Ulmann et al., 2008) . However, P2X4R germline knockout mice could not offer a specific role for P2X4R in distinct cells.
To our knowledge, there is still no study focusing on the role of P2X4R in Schwann cells. Within the peripheral nervous system, the Schwann cells not only produce insulating myelin sheaths around the associated larger axons at a one-to-one ratio for rapid conduction of action potential, but also secrete a variety of cytokines and neurotrophic factors which provide support and nutrition for neurons (Monk, Feltri, & Taveggia, 2015) . After nerve injury, activated Schwann cells undergo a series of changes, including dedifferentiation, proliferation, migration, and myelination, which eventually promote regeneration of injured nerves (Scheib & Hoke, 2013) . It is now well established that neurotrophins derived from Schwann cells contribute to the Schwann cell-axonal interactions and play a crucial role in peripheral nerve regeneration. In this study, we found that functional P2X4R is also expressed by Schwann cells in the peripheral nervous system. In line with previous studies on microglia (Trang et al., 2009) Accumulating evidence has shown that BDNF is involved in nerve regeneration and remyelination after injury. Application of exogenous BDNF to sites of injury enhances the growth of the regenerating axons (English, Meador, & Carrasco, 2005) . Antibody-mediated deprivation of endogenous BNDF significantly inhibits axonal regeneration and myelination (Zhang et al., 2000) . Overexpression of BDNF in transgenic mice promotes myelination (Tolwani et al., 2004) . Both neuron and Schwann cell-derived BDNF promote the growth of regenerating axons in the peripheral nervous system (Wilhelm et al., 2012) . Activity-induced BDNF secretion from neurons has been extensively studied (Park & Poo, 2013) . By contrast, very few studies have focused on the mechanism of BDNF secretion from Schwann cells.
In the current study, we found that TNF-a-induced BDNF secretion beyond basal BDNF secretion in Schwann cells is P2X4R dependent. Consistent with the effects of BDNF on nerve regeneration, overexpression of P2X4R in Schwann cells promoted recovery of function and remyelination following sciatic nerve crush.
Axonal regeneration is frequently accompanied by neuropathic pain following peripheral nerve injury. For example, after nerve injury the expression of P2X4R increased by activated spinal microglia and spinal-resident macrophages, where they mediate the process of neuropathic pain (Tsuda et al., 2003; Ulmann et al., 2008) . P2X4R inhibitors can reverse established pain hypersensitivity after nerve injury (Tsuda et al., 2003) , and development of pain hypersensitivity after nerve injury is prevented in P2X4R-knockout mice (Ulmann et al., 2008) .
On the other hand, as a key mediator of neuropathic pain, BDNF null mice display attenuated pain hypersensitivity following nerve injury compared with wild-type mice (Yajima et al., 2005) . However, after sciatic nerve crush, we did not observe increased pain hypersensitivity in mouse with specific overexpression of P2X4R in Schwann cells compared to the controls. The reason may be that pain hypersensitivity has already increased dramatically in the nerve crush model of mice. We also found that intraplantar injection of BDNF induced mechanical allodynia in naïve mice but did not alter pain hypersensitivity in mice with crush injury of sciatic nerves.
It is well known that demyelination contributes to neuropathic pain by disrupting the precise molecular and structural signature. However, a direct relationship between remyelination and pain relief has still not been explored. Several studies have shown indirect cooperation between remyelination and neuropathic pain. For example, focal lysolecithin-induced reversible sciatic nerve demyelination caused hyperalgesia that lasted for 3 weeks before returning to normal after nerve remyelination (Wallace, Cottrell, Brophy, & Fleetwood-Walker, 2003; Wessig, Bendszus, & Stoll, 2007) . Neuregulin-1/ErbB signaling plays an important role in central remyelination under pathological conditions and contributes to the alleviation of pain behavior (Tao et al., 2013) .
Gabapentin attenuates neuropathic pain and improves nerve myelination after nerve injury (Camara et al., 2015) . In Figure 5h , the recovery of mechanical allodynia caused by sciatic nerve injury in the P2X4R-LV group was faster than that in the Control-LV group. Whether the cause of pain relief is related to improved remyelination in P2X4R-LV group remains unclear and will need to be further evaluated in future studies.
Lysosomes are no longer only considered as terminal degradation compartments, but rather have been found to possess additional functionality within the cell. Some cells use their lysosomes as a regulatory compartment for secretion (Blott & Griffiths, 2002; Holt, Gallo, & Griffiths, 2006; van der Sluijs, Zibouche, & van Kerkhof, 2013; Zhang et al., 2007) . Recently, the roles of lysosomal exocytosis in myelin formation were investigated (Chen et al., 2012; Feldmann et al., 2011; Shen et al., 2016; Su et al., 2016) . In this study, our data suggested that P2X4R is mainly localized in lysosomes of Schwann cells and P2X4R can be transported to the plasma membrane via lysosomal exocytosis. As P2X4R mediates BDNF secretion and then promotes nerve growth and remyelination after nerve injury, these results confirm the active roles of Schwann cell lysosomes in myelination.
Although the peripheral nervous system has regenerative capacity after nerve injury, the ability to promote regeneration of injured peripheral nerves and accelerate functional recovery remains an ongoing clinical challenge. Our results suggest that increasing Schwann cell expression of P2X4R after nerve injury may be an effective approach to promote regrowth and remyelination of injured nerves.
